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Abstract: Three unusual three-dimensional (3D) tetrazine chromophore-based 
metal-organic frameworks (MOFs) {(Et4N)[WS4Cu3(CN)2(4,4′-pytz)0.5]}n (1), 
{[MoS4Cu4(CN)2(4,4′-pytz)2]·CH2Cl2}n (2), and {[WS4Cu3(4,4′-pytz)3]·[N(CN)2]}n 
(3) (4,4′-pytz = 3,6-bis(4-pyridyl)tetrazine) have been synthesized and characterized 
by Fourier-transform infrared and ultraviolet/visible spectroscopies, elemental 
analyses, powder X-ray diffraction, gel permeation chromatography, steady-state 
fluorescence, and thermogravimetric analyses, and their identities have been 
unambiguously confirmed by single-crystal X-ray diffraction studies. These MOFs 
exhibit diverse configurations. 1 possesses the first 5-connected M/S/Cu (M = Mo, 
W) framework, with an unusual 3D (44·66) topology constructed from T-shaped 
[WS4Cu3]+ clusters as nodes and single CN-/4,4′-pytz bridges as linkers. 2 features a 
novel 3D MOF with (420·68) topology, in which the bridging 4,4′-pytz ligands 
exhibit unique distorted arch structures. 3 displays the first 3D MOF based on 
flywheel-shaped [WS4Cu3]+ clusters, with a non-interpenetrating honeycomb-like 
framework and a heavily distorted “ACS” topology. Steady-state fluorescence 
studies of 1-3 reveal significant fluorescence emissions. The nonlinear optical (NLO) 
properties of 1-3 were investigated by the Z-scan technique employing 5 ns pulses at 
532 nm. The Z-scan experimental results show that the π-delocalizable 
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tetrazine-based 4,4′-pytz ligands contribute to the strong third-order NLO properties 
exhibited by 1-3. Time-dependent density functional theory (TD-DFT) studies have 
afforded insight into the electronic transitions and spectral characterization of these 
functionalized NLO molecular materials.  
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Cluster-based metal-organic frameworks (MOFs), assembled with metal clusters 
as nodes and organic ligands as linkers, are attracting intense interest due to their 
fascinating topological features[1] and their potential applications,[2] particularly as 
nonlinear optical (NLO) materials.[3] The ongoing research and development in this 
promising field shows that, in contrast to other NLO-active MOFs,[4] the utilization of 
metal clusters at the framework vertices is a powerful means of directing the final 
framework structure and topology, with a significant enhancement/modulation of the 
NLO properties of the resulting MOFs.[3c,5] These MOFs possess the combined 
advantages of both organic molecules and metal clusters: π-delocalizable structures 
and many heavy-metal atoms. One of the most important and promising features of 
metal clusters is the possibility of adjusting and eventually optimizing these 
framework building blocks through subtle modifications at the molecular level. The 
incorporation of heavy-metal atoms (via the use of clusters) may also introduce more 
sublevels into the energy hierarchy of framework materials, compared to that 
achievable using organic molecules with the same number of skeletal atoms, 
permitting more allowed electronic transitions, and thereby leading to larger NLO 
effects and a greater prospect of NLO applications.[6]  
While discrete M/S/Cu (M = W, Mo) clusters have been well-documented to be 
amongst the best candidates for third-order NLO materials, due to the variety of 
possible cluster skeletons with their corresponding diverse electronic character,[7] 
M/S/Cu MOFs[8] have emerged recently as a new research frontier for advanced 
third-order NLO materials and devices,[9] due to the fact that such cluster-based 
organic frameworks can possess extensive dπ-pπ delocalized systems and pπ-pπ 
conjugated systems, and may introduce two different d-orbital levels into the molecule. 
These M/S/Cu MOFs not only contain NLO-functionalized building clusters, but also 
include conjugated organic ligands, which may permit more electronic transitions and 
greater π-electron delocalization, and accordingly enhance/modulate the third-order 
NLO properties.[5,7] However, the crystal engineering of multidimensional M/S/Cu 
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cluster-based organic frameworks with well-defined geometries still faces great 
challenges to control the complexity and diversity of the frameworks.[7-9] Previous 
studies have demonstrated that unique framework connectivity, bent or twisted organic 
bridges, novel cluster units, the necessary counterions or templates, and strongly 
coordinating terminal ligands increase structural complexity and afford novel MOFs 
with non-default topologies.[10] Organometallic or organic chromophores (of which 
tetrazine-based derivatives are important examples[11-13]) with extensive π-conjugation 
can possess enhanced NLO performance.[11] Nevertheless, the coordination of the 
conjugated chromophore 4,4′-pytz (4,4′-pytz = 3,6-bis(4-pyridyl)tetrazine)[13] to metal 
clusters as a means to synthesize novel 3D tetrazine chromophore-based M/S/Cu 
MOFs and optimize the third-order NLO properties remains to be explored.  
Herein, we report the syntheses, structures, theoretical studies, fluorescence and 
NLO properties of three unusual 3D tetrazine chromophore-based MOFs. 1-3 have 
been synthesized from [E4N]2[MS4] (E = Et, H; M = Mo, W) and CuCN/Cu[N(CN)2] 
with 4,4′-pytz ligands: 1 possesses the first 5-connected M/S/Cu MOF, with an unusual 
(44·66) topology that is constructed from T-shaped [WS4Cu3]+ building clusters with 
single CN- bridges and single 4,4′-pytz bridges; 2 has a novel 8-connected (420·68) 
topological framework in which pentanuclear planar “open”-shaped [MoS4Cu4]2+ cores 
are connected by unique “distorted arch” 4,4′-pytz bridges and single CN- bridges; and 
3 is the first 3D MOF based on flywheel-shaped [WS4Cu3]+ clusters, linked by single 
4,4′-pytz bridges only, and showing a heavily distorted “ACS” topology. Steady-state 
fluorescence and third-order NLO measurements of 1-3 indicate that these 
chromophore cluster-based frameworks possess enhanced NLO performance. Density 
functional theory (DFT) and time-dependent density functional theory (TD-DFT) 
calculations provide further insight into the electronic transitions and spectral 
characterization of these functionalized molecular materials. 
Results and Discussion 
Synthetic procedure 
M/S/Cu (M = Mo, W) cluster-based MOFs can be far superior to traditional 
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MOFs,[4] both in terms of possible configurations[7,8] and in their intriguing NLO 
properties.[5,9] However, chromophore-based M/S/Cu MOFs with unique 3D structures 
and modulated NLO properties are still very scarce. In the present studies, 4,4′-pytz 
ligands have been utilized to construct 3D chromophore-based MOFs, affording 
disparate molecular configurations for 1-3 by modulating the cations, anions, and 
stoichiometric ratios; their structural characteristics are described in detail in the 
following paragraphs.  
Single-crystal X-ray structural studies of 1, 2 and 3 demonstrate conclusively that 
their unusual configurations are composed of T-shaped, pentanuclear planar 
“open”-shaped, and flywheel-shaped clusters, respectively, with 4,4′-pytz/CN- bridges; 
these structures contain 5-connected modes, “distorted arch” bridges, and unusual 
building clusters, respectively. In principal, the configurations of cluster-based MOFs 
can be characterized by the connectivity modes, the types of skeleton of the building 
clusters, and the topological structures. For example, cluster-based MOFs with 
4-/8-connected modes, T-shaped/pentanuclear planar “open” building clusters, and 
diamondoid topology have been the subject of several reports in the literature,[3,7-9] and 
therefore can be considered to possess well-documented configurations. In contrast, 
the 3D cluster-based MOFs in the present work with 5-connected modes, 
flywheel-shaped building clusters, (420·68), and heavily distorted “ACS” topological 
structures have not been reported previously and accordingly can be regarded as 
possessing unusual (indeed, unprecedented) configurations. 
Using the so-called inter-diffusion method,[9d] the reaction of [Et4N]2[WS4] and 
CuCN (mole ratio 1:3) with 4,4′-pytz afforded 1 as a T-shaped [WS4Cu3]+-containing 
MOF, the combination of [NH4]2[MoS4] and CuCN (mole ratio 1:4) with 4,4′-pytz 
gave 2 as a pentanuclear planar “open”-shaped [MoS4Cu4]2+-containing MOF, and the 
assembly of [NH4]2[WS4] and Cu[N(CN)2] (mole ratio 1:3) with 4,4′-pytz afforded 3 
as an unexpected 3D flywheel-shaped [WS4Cu3]+-containing MOF (Scheme 1). The 
phase purities of the bulk products of 1-3 were independently confirmed by powder 
X-ray diffraction (Figure S1 in the Supporting Information).  
The inter-diffusion method[9d] employed in these studies utilized a solvent 
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polarity-tunable buffer layer to separate the polar and nonpolar solutions, one of which 
included the soluble M/S/Cu clusters, while the other contained precipitating agents, 
such as a counterion, a conjugated bridging ligand, etc. When these two solutions 
diffused into the buffer layer, the M/S/Cu MOFs were formed and crystallized in the 
buffer layer. Using this method, we also attempted the reactions of [NH4]2[MS4] and 
CuCN (mole ratio 1:1~3) /CuN(CN)2 (mole ratio 1:1~2) with 4,4′-pytz. However, no 
desired M/S/Cu MOFs resulted from the above recipes. Perhaps not surprisingly, these 
results indicate that the inter-diffusion method, explored as a practical route to 
construct new MOFs, is strongly influenced by varying the cations, anions and mole 
ratio of the reactants.  
Crystal structure of 1 
Single-crystal X-ray diffraction analysis reveals that 1 is the first 5-connected 
M/S/Cu MOF (Figures 1a and 1b). As shown in Figure 1b, the building cluster 
[WS4Cu3]+ with a 5-connected mode exhibits C1 symmetry, in which the 
Cu(3)-W(1)-Cu(1), Cu(2)-W(1)-Cu(1), and Cu(3)-W(1)-Cu(2) angles are 91.04(3)°, 
90.79(3)°, and 177.24(2)°, respectively, giving rise to a nearly T-shaped arrangement 
for each [WS4Cu3]+ building cluster. The W atom possesses a tetrahedral coordination 
geometry through bonding to two µ2-S and two µ3-S atoms, with the S-W-S angles 
ranging from 107.67(6)° to 111.26(6)°. In each T-shaped building cluster [WS4Cu3]+, 
three Cu atoms show different coordination environments: Cu1 is ligated by two µ3-S 
atoms, one C atom from a CN- bridge, and one N atom of a 4,4′-pytz ligand, forming a 
tetrahedral coordination geometry; Cu2 also has a tetrahedral coordination geometry, 
but formed by one µ2-S atom, one µ3-S atom and two CN- bridges; and Cu3 has a 
trigonal coordination geometry, formed by one CN- bridge, one µ2-S atom, and one 
µ3-S atom (Figure 1b). The bond lengths of Cu-µ2-S (Cu2-S3, 2.301(19) Å; Cu3-S4, 
2.226(18) Å) are slightly shorter than those of Cu-µ3-S (Cu1-S1, 2.304(16) Å; Cu1-S2, 
2.301(19) Å; Cu2-S1, 2.346(16) Å; Cu2-S3, 2.301(19) Å), and bond lengths of W-µ2-S 
(W1-S3, 2.183(16) Å; W1-S4, 2.215(15) Å) are marginally shorter than those of 
W-µ3-S (W1-S1, 2.224(16) Å; W1-S2, 2.259(15) Å), with a concomitant shortening of 
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the W1···Cu3 distances (2.640(8) Å) in comparison with the W1···Cu1 distance 
(2.727(9) Å). The average length of the Cu-C bonds (1.903(1) Å) in 1 is shorter than 
that of the Cu-N bonds (2.115(8) Å) (Table 2). 
Each T-shaped [WS4Cu3]+ cluster is linked by another five [WS4Cu3]+ units 
through one single 4,4′-pytz bridge and four single CN- bridges (Figure 1b); 1 is 
thereby the first 5-connected M/S/Cu MOF.[8,9] The T-shaped [WS4Cu3]+ building 
clusters are connected to each other by four single CN- bridges along the bc plane, 
creating parallel two-dimensional (2D) (4,4) nets as layer, and then these nets are 
stacked along the a-axis to afford a 3D pillared-layer skeleton sustained by single 
4,4′-pytz bridges as pillar (Figure 2). From the topological perspective, each 
[WS4Cu3]+ building cluster in 1 can be regarded as a 5-connected node and all CN- and 
4,4′-pytz ligands as linkers, so 1 can be considered to possess a 5-connected (44·66) 
topology (Figure 3); to the best of our knowledge, this is the first such example of a 
Mo(W)/S/Cu polymeric cluster with a 5-connected network,[8,9] while metal-organic 
frameworks possessing 5-connected topology are rare.[14]  
Crystal structure of 2 
The crystal structure analysis of 2 reveals an unusual 3D MOF with “distorted 
arch” 4,4′-pytz bridges (Figures 4a and 4b; selected bond lengths and bond angles of 2 
are given in Table 3). The skeleton of the building cluster is composed of one Mo, four 
Cu and four S atoms, forming a [MoS4Cu4] aggregate in which the Mo atom is in the 
center of the cluster while both the Mo and Cu atoms are approximately tetrahedrally 
coordinated, resulting in pentanuclear planar “open”-shaped building clusters 
[MoS4Cu4]2+ of pseudo D4h symmetry and five metal atoms that are slightly distorted 
from planarity; this is consistent with angles Cu1-Mo1-Cu1b and Cu1a-Mo1-Cu1c 
both being 164.09(2)° (Table 3). The average Cu-N length of 2 (2.041(9) Å) is shorter 
than that for 1 (2.115(8) Å). 
In each building cluster [MoS4Cu4]2+, the four Cu atoms have the same tetrahedral 
coordination environments, ligated by two µ3-S atoms, one N atom from one CN-, and 
one N atom from one 4,4′-pytz bridge, respectively (Figure 4b). Each [MoS4Cu4]2+ 
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cluster links another eight equivalent clusters through four single CN- bridges and four 
single 4,4′-pytz bridges in an 8-connected manner (Figure 4b). A remarkable feature of 
2 is that there are “distorted arch” 4,4′-pytz bridges (Figure 4b); to the best of our 
knowledge, this is the first MOF constructed by such distorted 4,4′-pytz bridges.[15] 
The degree of bending δ of the “distorted arch” ligands 4,4′-pytz is 5.13% (arc height = 
0.59 Å and chord length = 11.05 Å) (Figure 4c), for δ defined as the ratio of arc height 
over chord length.[14] Overall, 2 can be viewed as pentanuclear planar “open”-shaped 
clusters [MoS4Cu4]2+ linked to each other by CN- bridges in the ab plane and thereby 
forming 2D (4,4) nets as layer, and then these 2D nets stacking along the c-axis to 
afford a 3D pillared-layer MOF linked by “distorted arch” ligands 4,4′-pytz as pillar 
(Figure 5). Each pentanuclear planar “open”-shaped cluster occupies a topological 
8-connected node, and all CN- and 4,4′-pytz ligands serve as linkers; 2 accordingly 
possesses an 8-connected framework with a (420·68) topology (Figure 6). This is only 
the second 8-connected Mo/S/Cu MOF thus far,[16] but the precedent framework has 
(422·66) topology, possibly a result of different configurations from the flexible ligand 
bpp (bpp = bis(4-pyridyl)propane) than from the “distorted arch” ligand 4,4′-pytz 
(Figure S3 in the Supporting Information); 2 therefore has a new topology in the field 
of M/S/Cu MOFs.  
Crystal structure of 3 
The structural study of 3 reveals a 3D honeycomb framework constructed by 
[WS4Cu3]+ building clusters and 4,4′-pytz ligands (Figures 7a and 7b; selected bond 
lengths and angles are summarized in Table 4). Each [WS4Cu3]+ building cluster of 3 
consists of a [WS4]2- unit linked to three copper atoms, forming a slightly distorted 
“flywheel” array. In each flywheel-shaped cluster [WS4Cu3]+, all Cu atoms are 
coordinated by one µ2-S atom, one µ4-S atom and two N atoms of two 4,4′-pytz 
bridges, forming a tetrahedral coordination geometry (Figure 7b). The W atom retains 
the C3v geometry of the flywheel-shaped cluster [WS4Cu3]+, with S-W-S angles 
ranging from 108.71(5)° to 110.22(5)°. The Cu-µ2-S bond lengths (Cu1-S1 2.284(2) Å) 
are slightly shorter than those of Cu-µ4-S (Cu1-S2 2.323(13) Å), while W-µ2-S bond 
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lengths (W1-S1, 2.204(2) Å) are shorter than those of W-µ4-S (W1-S2, 2.295(3) Å). 
The average Cu-N length of 3 (2.052(6) Å: Table 4) is slightly longer than that of 2 
(2.041(9) Å).  
Each flywheel-shaped building cluster connects another six equivalent 
flywheel-shaped units through single 4,4′-pytz bridges in a 6-connected manner 
(Figure 7b); it is noteworthy that 3 is the first 3D MOF based on flywheel-shaped 
building clusters. Overall, 3 consists of flywheel-shaped clusters [WS4Cu3]+ linked to 
each other by 4,4′-pytz bridges in the ab plane, building 2D (6,3) nets as layer, and 
then these nets stacking along the b-axis to afford a 3D pillared-layer architecture 
supported by ligands 4,4′-pytz as pillar (Figure 8). From a topological perspective, 
each flywheel-shaped cluster is a 6-connected node and each 4,4′-pytz ligand is a 
linker; the topology of 3 is an unusual 6-connected network with the short vertex 
symbol (49·66) (Figure 9), termed an “ACS” topology which is an arrangement for 
linking trigonal prisms.[17] The 6-connected nodes are significantly removed from the 
center of the trigonal prisms (red and green planes in Figure 9), resulting in a heavily 
distorted “ACS” topology; this is due to the different orientations in the tetrahedral 
coordination for the flywheel-shaped cluster compared to that of the nest-shaped 
cluster (Figure S4 in Supporting Information). This is the first example of a heavily 
distorted “ACS” net found in the field of M/S/Cu MOFs.[9d]  
Molecular weights 
To characterize the species generated by dissolution of the MOFs 1-3, we 
determined their molecular weights in DMF solution by gel-permeation 
chromatography (GPC).[18] The results show that the number-average molecular 
weight (Mn, 5622 for 1, 6534 for 2, and 6387 for 3) and the weight-average molecular 
weight (Mw, 5781 for 1, 6648 for 2, and 6515 for 3) compared to a polystyrene 
standard are relatively large, which is consistent with all three MOFs retaining 
significant intercluster connectivity in DMF solution (the authors recognize that 
polystyrene standards may not be completely adequate for these demonstrably 
different MOF materials, but are instead likely to represent a lower bound for the 
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molecular weights, consistent with some residual framework structure).  
Steady-state fluorescence analysis 
As is well known, electron and/or energy transfer can occur between metal 
clusters and covalently bound chromophore ligands.[19a-d] In order to probe the 
excited-state interactions between the 4,4′-pytz ligands and M/S/Cu clusters, the 
fluorescence spectra of 4,4′-pytz and 1-3 were measured, the results being compared in 
Figure 10. Upon excitation at 360 nm, 4,4′-pytz exhibits emission bands at 408 and 
436 nm that originate from the S1-S0 transition. At the same excitation wavelength, 1-3 
possess more intense fluorescence emission bands at 408 and 430 nm, the latter peaks 
of 1-3 being slightly blue-shifted from those of the free 4,4′-pytz ligands due to 
ligand-to-metal charge transfer.[19e] The significant fluorescence enhancement is 
consistent with a strong interaction between the excited state of the 4,4′-pytz 
chromophore ligands and the M/S/Cu building clusters in 1-3. Possible pathways for 
the activation of the excited 4,4′-pytz ligands are energy transfer (ET) and 
photoinduced electron transfer (PET),[20a] with the 4,4′-pytz ligands acting as electron 
transporting and energy absorbing antennas when coordinated to the Mo(W)/S/Cu 
clusters, and the Mo(W)/S/Cu clusters acting as electron accepting moieties.[20b,c]  
Nonlinear optical properties 
The third-order NLO absorptive and refractive properties of 1-3 were measured 
by the Z-scan method,[21] results showing that 1-3 have strong effective third-order 
NLO absorptive and refractive properties, as illustrated in Figures 11-13, respectively. 
The effective NLO absorptive coefficients α2 of 1-3 were calculated to be 2.78 × 10-10, 
4.36 × 10-10, and 4.60 × 10-10 m W-1, respectively. With the measured value of the 
difference in the normalized transmittance values at the valley and peak positions, the 
effective NLO refractive indexes n2 were calculated to be 1.80 × 10-17, 3.21 × 10-17, 
and 2.28 × 10-17 m2 W-1, respectively. In accordance with the observed α2 and n2 
values, the moduli of the effective third-order susceptibilities χ(3) were calculated to be 
1.23 × 10-11, 2.11 × 10-11, and 1.71 × 10-11 esu, respectively; the corresponding moduli 
of the effective second-order hyperpolarizabilities γ are 1.08 × 10-29, 7.25 × 10-29, and 
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1.44 × 10-30 esu, respectively, and were obtained from χ(3) = γNF4, where N is the 
number density (concentration) of cluster compound in the sample solution and F4 = 
3.3 is the local field correction factor of DMF. The effective hyperpolarizability values 
γ correspond to the NLO properties of neat materials.[11e,22] The hyperpolarizabilities γ 
of 1-3 are all larger than those of typical clusters with T-/pentanuclear planar 
“open”-/flywheel-shaped cluster skeletons,[7] indicating that 1-3 are promising 
candidates for NLO materials.  
Effects of the 4,4′-pytz chromophore on the structures and properties 
Structures 1-3 possess diverse building clusters and connectivity, but are 
constructed from the same tetrazine-based ligands. Three reported clusters 
{[Bu4N][WS4Cu3(CN)2]}n (a),[9c] {[Et4N]2[MoS4Cu4(CN)4]}n (b),[23a] and 
{[WS4Cu3(dppm)3]·Br} (c)[23b] (dppm = bis(diphenylphosphino)methane) were 
carefully selected for comparison with the structures and properties of 1-3. While a 
and b are 3D T-/pentanuclear planar “open”-shaped polymeric clusters with 
4-connected modes, and c is a 0D flywheel-shaped cluster, 1-3 possess 3D 
5-/8-/6-connected configurations based on T-/pentanuclear planar 
“open”-/flywheel-shaped clusters, respectively, due to the participation of the 4,4′-pytz 
ligands. Though the building units of 1, 2, and 3 are the same as a, b, and c, 
respectively, the connecting ligands and connectivity of 1-3 differ sharply from those 
of a-c. Similarly, the γ values (which reflect the integrated third-order NLO properties) 
of 1-3 are distinct and indeed superior to a-c, as shown in Table 5. Introduction of the 
tetrazine-chromophore-based 4,4′-pytz ligands not only affords novel structures, but 
also enhances third-order NLO properties.  
Density functional theory studies 
The theoretical absorption spectra (with Lorentzian profiles)[24] of 1-3 obtained 
from TD-DFT/PCM calculations correspond closely to the experimental observations, 
as displayed in Figure 14. The dipole-allowed vertical excitations of 1 are assigned to 
transitions from lone-pair orbitals, n, of S atoms to π* orbitals dominated by the 5d 
orbital of W and the 3p orbital of S, as schematically illustrated in Figure 15. The 
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low-energy absorption features of 2 are assigned to transitions from n or d orbitals to 
π* orbitals, corresponding to ligand-to-metal (LMCT, Peak 1) and metal-to-ligand 
(MLCT, Peak 2) charge transfer (Figure 16). The dipole-allowed vertical excitation 
energies of 3 mainly correspond to ligand-to-ligand charge transfer (LLCT), assigned 
to transitions from lone-pair orbitals, n, of N and C atoms to π* orbitals of 4,4′-pytz, as 
displayed in Figure 17. Thus, there is significant diversity in the nature of the 
low-energy transitions across this series of MOFs. 
Conclusions 
In summary, three unusual 3D tetrazine-chromophore-based MOFs have been 
successfully constructed: 1 possesses the first 5-connected M/S/Cu framework with a 
new (44·66) topology, 2 features a novel 3D (420·68) topological MOF with unique 
“distorted arch” 4,4′-pytz bridges, and 3 displays the first 3D MOF based on 
flywheel-shaped [WS4Cu3]+ building clusters, and a heavily distorted “ACS” topology. 
The steady-state fluorescence analysis suggests ET and PET between the excited states 
of the 4,4′-pytz chromophore and the M/S/Cu clusters in 1-3, while Z-scan experiments 
of 1-3 demonstrate strong third-order NLO properties. The results show that the 
tetrazine chromophore-based 4,4′-pytz ligands are crucial in the construction of these 
novel 3D Mo(W)/S/Cu MOFs and the enhancement of third-order NLO properties. 
The dipole-allowed excitations in the linear absorption spectra of 1, 2, and 3 are 
assigned by TD-DFT/PCM calculations to transitions from lone-pair n orbitals to π* 
orbitals, n or d orbitals to π* orbitals, and lone-pair n orbitals to π* orbitals, respectively. 
Further studies on the syntheses of new chromophore-based MOFs and the correlation 
between cluster configurations and NLO properties of MOFs are currently in progress.  
Experimental Section 
Materials and Methods. The reactions and manipulations were conducted using 
standard Schlenk techniques under an atmosphere of argon. The starting materials 
[E4N]2[MS4] (E = Et, H; M = Mo, W) were obtained by literature procedures.[25] 
Solvents were dried and distilled prior to use, while other chemicals were 
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commercially available and used as received. FT-IR spectra were recorded from KBr 
pellets in the range 4000-400 cm-1 on a Nicolet Nexus 470 Fourier transform infrared 
spectrometer. Elemental analyses of carbon, hydrogen and nitrogen were performed on 
a FLASH EA 1112. Electronic spectra were measured on a Shimadzu UV-3100 
spectrophotometer. The powder X-ray diffraction (PXRD) measurements were 
recorded on a Bruker D8 ADVANCE powder X-ray diffractometer (Cu Kα = 1.5418 
Å). Thermogravimetric analyses were performed on a Netzsch STA-449C 
thermoanalyzer with a N2 purge and a heating rate of 6 °C/min.  
Preparation of {(Et4N)[WS4Cu3(CN)2(4,4′-pytz)0.5]}n (1). A mixture of 
[Et4N]2[WS4] (0.571 g, 1.0 mmol) and CuCN (0.269 g, 3.0 mmol) in 10 mL DMF was 
stirred for 2 h, and the reaction solution was then filtered affording “filtrate A”. A 
solution of 4,4′-pytz (0.472 g, 2.0 mmol) dissolved in 10 mL dichloromethane was 
transferred to a glass tube, 5 mL DMF and 3 mL dichloromethane were separately 
layered one after the other on the surface of this solution as a buffer, and then the 
above filtrate A was layered carefully on the buffer layer. The glass tube was sealed 
and allowed to stand at room temperature (25 °C). After two months, deep-red block 
crystals of 1 were collected by filtration, washed with ether and dried in air (yield: 
0.184 g, 23% based on W). Anal. Calcd. for C16H24Cu3N6S4W (%): C 23.93, H 3.01, N 
10.46; Found: C 24.01, H 3.02, N 10.49. IR (KBr, cm-1): 3405 (w), 2124 (s), 1657 (s), 
1478 (s), 1394 (s), 1172 (s), 1003 (s), 782 (s), 598 (s), 452 (vs). UV/vis (DMF, λmax/nm, 
ε/103 cm-1 mol-1 dm3): 266 (3.66), 290 (3.63), 405 (2.61).  
Preparation of {[MoS4Cu4(CN)2(4,4′-pytz)2]·CH2Cl2}n (2). 2 was obtained as 
dark-red block crystals by a method similar to that of 1 except by using [NH4]2[MoS4] 
(0.260 g, 1.0 mmol) and CuCN (0.358 g, 4.0 mmol) instead of [Et4N]2[WS4] and 
CuCN (yield: 0.334 g, 31% based on Mo). Anal. Calcd. for C26H18Cl2Cu4MoN14S4 (%): 
C 29.03, H 1.69, N 18.23; Found: C 29.12, H 1.70, N 18.28. IR (KBr, cm-1): 3445 (w), 
2138 (vs), 1663 (s), 1391 (vs), 1213 (s), 921 (s), 830 (s), 727 (s), 599 (vs), 444 (vs). 
UV/vis (DMF, λmax/nm, ε/103 cm-1 mol-1 dm3): 275 (14.50), 404 (5.22).  
Preparation of {[WS4Cu3(4,4′-pytz)3]·[N(CN)2]}n (3). 3 was obtained as red 
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block crystals by a method similar to that of 1 except by using [NH4]2[WS4] (0.348 g, 
1 mmol) and Cu[N(CN)2] (0.389 g, 3 mmol) instead of [Et4N]2[WS4] and CuCN (yield: 
0.243 g, 19% based on W). Anal. Calcd. for C38H24Cu3N21S4W (%): C 35.72, H 1.89, 
N 23.03; Found: C 35.85, H 1.90, N 23.11. IR (KBr, cm-1): 3452 (s), 2160 (s), 1661 
(vs), 1505 (s), 1418 (s), 1391 (vs), 1058 (s), 923 (s), 835 (s), 734 (s), 600 (s), 442 (vs). 
UV/vis (DMF, λmax/nm, ε/102 cm-1 mol-1 dm3): 272 (2.57), 406 (0.97).  
Single-Crystal Structure Determination. Crystals of 1-3 (0.45 × 0.24 × 0.21 
mm for 1, 0.26 × 0.22 × 0.21 mm for 2 and 0.35 × 0.23 × 0.22 mm for 3) suitable for 
single-crystal X-ray analyses were obtained directly from the above preparations. All 
measurements were made on a Rigaku Saturn 724+ CCD X-ray diffractometer by 
using graphite monochromated Mo Kα radiation (λ = 0.71070 Å). Single crystals of 
1-3 were mounted with grease at the top of a glass fiber. Cell parameters were refined 
on all observed reflections by using the program CrystalClear.[26] The collected data 
were reduced by the program CrystalClear and an absorption correction (multiscan) 
was applied. The reflection data for 1-3 were also corrected for Lorentz and 
polarization effects. The crystal structures of 1-3 were solved by direct methods and 
refined on F2 by full-matrix least-squares methods using the SHELXTL software 
package.[27] All non-hydrogen atoms were refined anisotropically, and some of the 
disordered atoms were refined isotropically. All hydrogen atoms were placed in 
geometrically idealized positions and constrained to ride on their parent atoms. After 
completing the initial structure solution for 2 and 3, many diffuse electron density 
peaks remained in the channels parallel to the c axis. No satisfactory disorder model 
could be found, and for further refinements, the contributions of the missing solvent 
(CH2Cl2) for 2 and the anion ([N(CN)2]-) for 3 to the diffraction pattern were 
subtracted from the observed data by the “SQUEEZE” method as implemented in 
PLATON.[28] The existence of the solvent molecules (CH2Cl2) and the anions 
([N(CN)2]-) have also been confirmed by thermogravimetric analysis (Supporting 
Information, Figure S2), elemental analysis and infrared spectroscopic measurements 
on 2 and 3. A summary of the key crystallographic information and selected bond 
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lengths and bond angles for 1-3 are listed in Tables 1-4, respectively. More detailed 
crystallographic data has been given in their cif files. CCDC-868775 (1), 
CCDC-868773 (2), and CCDC-868774 (3) contain the supplementary crystallographic 
data for this paper. These data can be obtained free of charge from the Cambridge 
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.  
Molecular Weight Measurements. The molecular weight and molecular weight 
distribution of the MOFs 1-3 were determined at 40 ºC with Gel Permeation 
Chromatography (Waters Associates Model HPLC/GPC 515 liquid chromatograph, 
equipped with a refractive index detector, μ-Styragel columns and calibrated with 
monodisperse polystyrene standards ranging from 580 to 390000 in molecular 
weight),[29] using DMF as eluent and a flow rate of 1.0 mL min-1.  
Steady-State Fluorescence Measurements. Steady-state fluorescence spectra 
were measured on a PTI QM 40 spectrofluorometer; samples were dissolved in 
chromatographically pure DMF, filtered, and the solutions transferred to a long quartz 
cell, which was then capped and deoxygenated by bubbling with N2 before 
measurement.  
Nonlinear Optical Measurements. The third-order nonlinear absorptive and 
refractive properties of 1-3 as 4.70 × 10-4 (1), 1.15 × 10-4 (2), and 4.89 × 10-5 (3) mol 
dm-3 DMF solutions were measured with linearly polarized 5 ns pulses at 532 nm, 
generated from a Q-switched frequency-doubled Nd:YAG laser, by performing Z-scan 
measurements.[21] 1-3 are stable toward air and laser light under the experimental 
conditions. The spatial profiles of the optical pulses were of nearly Gaussian transverse 
mode. The pulsed laser was focused on the sample cell with a 30 cm focal length 
mirror. The spot radius of the laser beam was measured to be 55 µm (half-width at 1/e2 
maximum). The energies of the input and output pulses were measured simultaneously 
by precision laser detectors (Rjp-735 energy probes) that were linked to a computer by 
an IEEE interface,[30] while the incident pulse energy was varied by a Newport Com. 
attenuator. The interval between the laser pulses was chosen to be 1 s to avoid the 
influence of thermal and long-term effects. The samples were mounted on a translation 
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stage that was controlled by the computer to move along the axis of the incident laser 
beam (Z-direction). To determine both the sign and magnitude of the nonlinear 
refraction, a 0.2 mm diameter aperture was placed in front of the transmission detector, 
and the transmittance was recorded as a function of the sample position on the Z axis 
(closed-aperture Z-scan). To measure the nonlinear absorption, the Z-dependent sample 
transmittance was taken without the aperture (open-aperture Z-scan).  
The modulus of the effective third-order susceptibility χ(3) was calculated from the 
observed α2 and n2 values using the following equation:[21,31] 
in which ν is the frequency of the incident laser light, n0 is the linear refractive index of 
the sample, and ε0 and c are the permittivity and the speed of light in a vacuum, 
respectively.  
DFT and TD-DFT Calculations. Density functional theory (DFT) and 
time-dependent density functional theory (TD-DFT) calculations were performed to 
rationalize the experimental absorption spectra of 1-3 in DMF solution. The models for 
compounds 1-3 were obtained from the experimental single-crystal X-ray diffraction 
studies. The restricted singlet wave functions for 1-3 in DMF solution (dielectric 
constant ε = 36.71) were tested to be stable within the framework of the polarized 
continuum model (PCM) at the B3LYP/LanL2DZ level. The vertical electronic 
excitation energies of 1-3 in DMF solutions were then obtained through TD-DFT/PCM 
calculations. A Lorentzian function was adopted with the spectral line width set to 100 
nm. The DFT/PCM and TD-DFT/PCM calculations were performed using the 
Gaussian 03 program.[32] The calculated theoretical absorption spectra were shifted in 
order to facilitate comparison with the experimental spectra (Figure 14). There are 
several reasons for the peak shifts between experimental observation (black lines) and 
TD-DFT/PCM calculations: (1) the calculated models comprise only a part of the 
experimental single-crystal X-ray structures; (2) to simulate the effect of solvent on the 


































solvent model, the effects of solvent molecules are described in terms of a continuous 
dielectric constant, rather than the experimental environment; and (3) the significant 
charge delocalization may lead to inaccuracies in the description of the electronic 
structure of π-conjugated systems due to an intrinsic limitation of DFT 
exchange-correlation functionals.[33] 
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Scheme 1. Syntheses of 1-3 from reactions of [MS4]2- (M = Mo, W) and CuCN/ 




Figure 1. a) Packing diagram of 1 along the a-axis (all hydrogen atoms have been 
omitted for clarity); b) coordination environment of the T-shaped cluster 
[WS4Cu3]+ in 1, demonstrating the 5-connected manner.   
Figure 2. Top: Packing diagram of 1 along the c-axis. Bottom: The 2D (4,4) nets from 
the 3D framework.  
Figure 3. The (44·66) topology of 1; the yellow balls, blue sticks and pink sticks 
represent the [WS4Cu3]+ nodes, and the CN- and 4,4′-pytz bridges, 
respectively. 
Figure 4. a) Packing diagram of 2 along the c-axis (all hydrogen atoms have been 
omitted for clarity); b) coordination environment of the pentanuclear planar 
“open”-shaped cluster [MoS4Cu4]2+ in 2, linked by single CN- and 
“distorted arch” 4,4′-pytz bridges in the ab plane; c) distortions of the 
4,4′-pytz bridges are defined as the ratio (δ) of arc height over chord length 
of the ligands (the 4,4′-pytz backbones are simplified as red solid lines for 
clarity). 
Figure 5.  Top: Packing diagram of 2 along the b-axis. Bottom: The 2D (4,4) nets from 
the 3D framework.  
Figure 6. The 8-connected (420⋅68) topology of 2; the yellow spheres represent the 
[MoS4Cu4]2+ cores, while the bridging CN- and 4,4′-pytz ligands are 
indicated by blue and pink sticks, respectively.  
Figure 7.  a) Packing diagram of 3 along the c-axis, showing the honeycomb channels 
(all hydrogen atoms have been omitted for clarity); b) coordination 
environment of the flywheel-shaped cluster [WS4Cu3]+ in 3, showing the 
6-connected mode. 
Figure 8.  Top: Packing diagram of 3 along the b-axis. Middle and bottom left: The 2D 
(6,3) nets from the 3D framework. Bottom right: The building units of the 
flywheel-shaped clusters from the 2D (6,3) nets.  
Figure 9. The heavily distorted “ACS” topology of 3 with nodes highlighted in pink 
emphasizing the trigonal prismatic geometries (red and green planes); the 
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yellow balls and pink sticks represent the flywheel-shaped building clusters 
[WS4Cu3]+ and single 4,4′-pytz bridges, respectively. 
Figure 10. Fluorescence spectra of 4,4′-pytz and 1-3 in DMF, following excitation at 
360 nm. 
Figure 11. Z-scan measurement of 1 in 4.70 × 10-4 mol dm-3 DMF solution at 532 nm. 
(a) Data collected under the open-aperture configuration. (b) Data obtained 
by dividing the normalized Z-scan data obtained under the closed-aperture 
configuration by the normalized Z-scan data in (a).  
Figure 12. Z-scan measurement of 2 in 1.15 × 10-4 mol dm-3 DMF solution at 532 nm. 
(a) Data collected under the open-aperture configuration. (b) Data obtained 
by dividing the normalized Z-scan data obtained under the closed-aperture 
configuration by the normalized Z-scan data in (a). 
Figure 13. Z-scan measurement of 3 in 4.89 × 10-5 mol dm-3 DMF solution at 532 nm. 
(a) Data collected under the open-aperture configuration. (b) Data obtained 
by dividing the normalized Z-scan data obtained under the closed-aperture 
configuration by the normalized Z-scan data in (a). 
Figure 14. Absorption spectra of (a) 1, (b) 2, and (c) 3 (in DMF) obtained from 
experimental observation (black lines) and TD-DFT/PCM calculations 
(blue lines). For the latter, a Lorentzian function has been adopted with the 
spectral line width set to 100 nm. The theoretical spectra are (a) shifted to 
shorter wavelength by 150 nm (1) and (b,c) shifted to longer wavelength 
by 73 nm (2) and 110 nm (3), in comparison with their TD-DFT excitation 
energies. 
Figure 15.  Absorption peak assignment for 1 (in DMF). The molecular orbitals are 
obtained through TD-DFT/PCM calculations at the B3LYP/LanL2DZ 
level. 
Figure 16.  Absorption band assignments (Peak 1 and Peak 2) for 2. The molecular 
orbitals are obtained through TD-DFT/PCM calculations at the 
B3LYP/LanL2DZ level.  
Figure 17.  Absorption band assignments (Peak 1 and Peak 2) for 3. The molecular 
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orbitals are obtained through TD-DFT/PCM calculations at the 




Table 1. Crystallographic and structure refinement data for 1-3. 
Table 2. Selected bond lengths (Å) and angles (°) for 1. 
Table 3. Selected bond lengths (Å) and angles (°) for 2. 
Table 4. Selected bond lengths (Å) and angles (°) for 3. 
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Figure 9. The heavily distorted “ACS” topology of 3 with nodes highlighted in pink 
emphasizing the trigonal prismatic geometries (red and green planes); the yellow balls 
and pink sticks represent the flywheel-shaped building clusters [WS4Cu3]+ and single 
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Figure 11. Z-scan measurement of 1 in 4.70 × 10-4 mol dm-3 DMF solution at 532 nm. 
(a) Data collected under the open-aperture configuration. (b) Data obtained by 
dividing the normalized Z-scan data obtained under the closed-aperture configuration 




Figure 12. Z-scan measurement of 2 in 1.15 × 10-4 mol dm-3 DMF solution at 532 nm. 
(a) Data collected under the open-aperture configuration. (b) Data obtained by 
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Figure 13. Z-scan measurement of 3 in 4.89 × 10-5 mol dm-3 DMF solution at 532 nm. 
(a) Data collected under the open-aperture configuration. (b) Data obtained by 
dividing the normalized Z-scan data obtained under the closed-aperture configuration 




Figure 14. Absorption spectra of (a) 1, (b) 2, and (c) 3 (in DMF) obtained from 
experimental observation (black lines) and TD-DFT/PCM calculations (blue lines). 
For the latter, a Lorentzian function has been adopted with the spectral line width set 
to 100 nm. The theoretical spectra are (a) shifted to shorter wavelength by 150 nm (1) 
and (b,c) shifted to longer wavelength by 73 nm (2) and 110 nm (3), in comparison 
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Table 1. Crystallographic and structure refinement data for 1-3. 
Crystal parameters 1 2 3 
Molecular formula C16H24Cu3N6S4W C26H18Cl2Cu4MoN14S4 C38H24Cu3N21S4W 
Formula weight 803.12 1075.86 1277.55 
Temperature (K) 293(2) 293(2) 293(2) 
Crystal system Monoclinic Tetragonal Hexagonal 
Space group P21/c I41/acd P-3c1 
a (Å) 9.2823(19) 13.6570(19) 20.1599(16) 
b (Å) 14.575(3) 13.6570(19) 20.1599(16) 
c (Å) 19.371(4) 53.305(11) 13.555(3) 
α (°) 90 90 90 
β (°) 98.05(3) 90 90 
γ (°) 90 90 120 
V (Å3) 2594.9(9) 9942(3) 8907(3) 
Z 4 8 4 
ρcalc (g cm-3) 2.056 1.438 0.953 
µ (mm-1) 7.181 2.236 2.117 
F(000) 1548 4222 2495 
Limiting indices 
-11 ≤ h ≤ 8 
-14 ≤ k ≤ 17 
-20 ≤ l ≤ 22 
-12 ≤ h ≤ 17 
-17 ≤ k ≤ 13 
-63 ≤ l ≤ 66 
-32 ≤ h ≤ 17 
-32 ≤ k ≤ 23 
-11 ≤ l ≤ 16 
Reflections collected 10685 12432 20235 
Unique reflections 4519 2534 5382 
Rint 0.0298 0.0506 0.0977 
GOF 1.017 1.192 0.958 
R1 [I > 2σ(I)] 0.0330 0.0443 0.0651 
wR2 [I > 2σ(I)] 0.0662 0.1287 0.1469 




Table 2. Selected bond lengths (Å) and angles (°) for 1. 
{(Et4N)[WS4Cu3(CN)2(4,4′-pytz)0.5]}n (1) 
W(1)-S(1) 2.224(16) W(1)-S(2) 2.259(15) 
W(1)-S(3) 2.183(16) W(1)-S(4) 2.215(15) 
Cu(1)-S(1) 2.304(16) Cu(1)-S(2) 2.301(19) 
Cu(2)-S(1) 2.3459(16) Cu(2)-S(3) 2.301(19) 
Cu(3)-S(2) 2.248(16) Cu(3)-S(4) 2.226(18) 
W(1)-Cu(1) 2.727(9) W(1)-Cu(2) 2.724(9) 
W(1)-Cu(3) 2.640(8) Cu(1)-C(1) 1.926(6) 
Cu(1)-N(1) 2.186(4) Cu(2)-N(2) 1.958(5) 
Cu(2)-N(3)#3 2.023(5) Cu(3)-C(2)#2 1.879(6) 
Cu(3)-W(1)-Cu(2) 177.24(2) Cu(2)-W(1)-Cu(1) 90.79(3) 
Cu(3)-W(1)-Cu(1) 91.04(3) S(4)-W(1)-S(2) 107.67(6) 
S(3)-W(1)-S(4) 111.26(6) S(3)-W(1)-S(2) 109.96(7) 
S(3)-W(1)-S(1) 109.87(6) S(4)-W(1)-S(1) 109.82(6) 
S(1)-W(1)-S(2) 108.18(6)   
Symmetry transformations used to generate equivalent atoms:  
#1 – x, y + 1/2, – z + 1/2; #2 x, – y + 1/2, z + 1/2; #3 – x, y – 1/2, – z + 1/2; #4 – x + 1, – 




Table 3. Selected bond lengths (Å) and angles (°) for 2. 
{[MoS4Cu4(CN)2(4,4′-pytz)2]·CH2Cl2}n (2) 
Mo(1)-S(1)#1 2.234(11) Mo(1)-Cu(1)#1 2.695(6) 
Cu(1)-S(1)#1 2.292(13) Cu(1)-S(1) 2.323(13) 
Cu(1)-N(1) 2.171(4) Cu(1)-N(2) 1.912(4) 
Cu(1)#1-Mo(1)-Cu(1)#2 164.09(2) Cu(1)-Mo(1)-Cu(1)#3 164.09(2) 
S(1)#1-Mo(1)-S(1)#2 112.27(6) S(1)#1-Mo(1)-S(1) 108.09(3) 
N(2)-Cu(1)-S(1)#1 123.23(14) N(1)-Cu(1)-S(1)#1 107.92(11) 
Symmetry transformations used to generate equivalent atoms:  




Table 4. Selected bond lengths (Å) and angles (°) for 3. 
{[WS4Cu3(4,4′-pytz)3]·[N(CN)2]}n (3) 
W(1)-S(1)#1 2.204(2) W(1)-S(2) 2.295(3) 
W(1)-Cu(1)#2 2.699(10) Cu(1)-S(1) 2.284(2) 
Cu(1)-S(2) 2.323(13) Cu(1)-N(1) 2.025(6) 
Cu(1)-N(2) 2.079(6)   
S(1)#1-W(1)-S(1) 110.22(5) S(1)#1-W(1)-S(2) 108.71(5) 
N(1)-Cu(1)-S(1) 117.68(18) N(2)-Cu(1)-S(1) 104.76(19) 
S(1)-Cu(1)-S(2) 105.06(9) N(1)-Cu(1)-S(2) 112.42(18) 
Symmetry transformations used to generate equivalent atoms:  




Table 5. Structures and NLO properties of 1-3 compared with a-c.  
NO. Molecular formulas Building units Ligands Connectivity Dimensions and topology γ (esu) 
1 {(Et4N)[WS4Cu3(CN)2(4,4′-pytz)0.5]}n T-shaped CN-/4,4′-pytz 5-connected 3D, (44·66) 1.08 × 10-29 








CN- 4-connected 3D, diamondoid 1.26 × 10-29 
3 {[WS4Cu3(4,4′-pytz)3]·[N(CN)2]}n Flywheel-shaped 4,4′-pytz 6-connected 3D, “ACS” 1.44 × 10-30 
c {[WS4Cu3(dppm)3]·Br} Flywheel-shaped dppm / 0D, / / 
(4,4′-pytz = 3,6-bis(4-pyridyl)tetrazine, dppm = bis(diphenylphosphino)methane) 
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Three unusual three-dimensional (3D) tetrazine chromophore-based metal-organic 
frameworks 1-3 were constructed; 1 exhibits the first 5-connected Mo(W)/S/Cu 
framework, 2 possesses a novel (420·68) framework with unique “distorted arch” 
4,4′-pytz bridges, and 3 is the first 3D flywheel-shaped Mo(W)/S/Cu framework. The 
third-order nonlinear optical and steady-state fluorescence properties were assessed, 
and time-dependent density functional theory (TD-DFT) calculations undertaken to 
afford insight into the optical properties.  
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